Purpose -The purpose of this paper is to understand the effect of four different factors: building orientation, heat treatment (solution annealing and aging), thermal history and process parameters on the mechanical properties and microstructural features of 17-4 precipitation hardening (PH) stainless steel (SS) parts produced using selective laser melting (SLM). Design/methodology/approach -Various sets of test samples were built on a ProX 100™ SLM system under argon environment. Characterization studies were conducted using mechanical tensile and compression test, microhardness test, optical microscopy, X-ray diffraction and scanning electron microscopy. Findings -Results indicate that building orientation has a direct effect on the mechanical properties of SLM parts, as vertically built samples exhibit lower yield and tensile strengths and elongation to failure. Post-SLM heat treatment proved to have positive effects on part strength and hardness, but it resulted in reduced ductility. Longer inter-layer time intervals between the melting of successive layers allow for higher austenite content because of lower cooling rates, thus decreasing material hardness. On the other hand, tensile properties such as elongation to failure, yield strength and tensile strength were not significantly affected by the change in inter-layer time intervals. Similar to other AM processes, SLM process parameters were shown to be instrumental in achieving desirable part properties. It is shown that without careful setting of process parameters, parts with defects (porosity and unmelted powder particles) can be produced. Originality/value -Although the manufacturing of 17-4 PH SS using SLM has been investigated in the literature, the paper provides the first comprehensive study on the effect of different factors on mechanical properties and microstructure of SLM 17-4 PH. Optimizing process parameters and using heat treatment are shown to improve the properties of the part.
Introduction
Additive manufacturing (AM) is formally defined by the American Society for Testing and Materials (ASTM) as "the process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing technologies" (Standard) . Multiple synonyms have been used to refer to AM since its inception in the early 1980s such as additive layer manufacturing (ALM), 3D printing, solid freeform fabrication (SFF), direct manufacturing, rapid manufacturing and rapid prototyping.
However, AM is now the de facto nomenclature. AM systems and technologies are generally categorized according to the type of material being fabricated and the mechanism in which each layer is formed. The two most common process categories for producing fully dense metallic parts are powder bed fusion and directed energy deposition (DED) processes. Selective laser melting (SLM) is a class of powder bed fusion processes that produces parts by selectively fusing metallic powder using a high-energy laser beam (Gibson et al., 2010 , Kruth et al., 2007 in a typically inert atmosphere as shown in Figure 1 .
Despite the attractive capabilities of SLM, such as producing highly complex, customized parts -without the need for part-specific tooling (Waller et al., 2014) , there remain obstacles that hamper its widespread adoption in industrial applications. For example, there is still an insufficient understanding of process-property relationships that enable the manufacturer to predict the mechanical properties or performance of the manufactured part with certain levels of confidence. This lack of understanding is attributed to the complexity of the underlying physical transformations that occur during SLM such as rapid melting, solidification and re-melting of the processed material. This is further exacerbated by the large number of factors that drive these physical transformations and the part properties. These factors include raw material characteristics (powder composition, size distribution and morphology), manufacturing process parameters (laser power, laser scan speed, layer thickness, build orientation) and post-processing (e.g. heat treatment).
Mechanical properties of SLM parts depend primarily on their microstructure (e.g. grain size and morphology), which, in turn, is influenced by the thermal history during manufacturing, i.e. cooling rates, thermal gradients and reheating cycles (Hunt et al., 2014; Selcuk, 2011) . Careful characterization of part microstructure under various process settings is pivotal toward understanding process-property relationships. The focus of this paper is to investigate the mechanical properties and microstructure of 17-4 precipitation hardening (PH) stainless steel (SS), referred to as 17-4 PH SS in the remainder of the manuscript.
PH SS have commonly been used in metal-based AM because of their excellent weldability, their austenitic/ martensitic microstructure that enables their usage in both laser-based and electron-beam AM systems and their high strength and corrosion resistance relative to austenitic steels (Hunt et al., 2014) . 17-4 PH SS is one of the most widely used types of PH SSs (Smith, 1981) because of its combination of high tensile strength, high toughness and high corrosion resistance at temperatures below 315°C (Lin et al., 2012) , making it suitable for applications such as pump enclosures and steam turbine shafts and blades, in which AM is a suitable candidate for fabrication considering their complex geometries.
Recently, analyzing and characterizing SLM 17-4 PH SS parts has been of interest. Jerrard et al. (2009) reported the occurrence of metastable austenite in SLM-fabricated 17-4 PH SS parts. They have done some experimental investigation regarding powder mixtures for SLM process which resulted in novel structures when using powder mixtures of austenitic 316L SS and martensitic 17-4 PH SS with varying composition ratios. Facchini et al. (2010) investigated a mostly austenitic 17-4 PH SS obtained by SLM characterized by exceptional work hardening. The part phase composition was reported to be 72 per cent heavily faulted austenite and 28 per cent highly dislocated and twinned martensite.
More recently, Murr et al. (2012) examined 17-4 PH SS powders produced by atomization under either argon or nitrogen atmospheres corresponding to martensitic or mostly austenitic powders, respectively. Various 17-4 PH SS parts were fabricated. The authors reported that because of lower thermal conductivity of argon compared to nitrogen, products were martensitic with either an austenitic or martensitic pre-alloyed 17-4 PH SS powder. Starr et al. (2012) examined the formation of metastable austenite and its transformation to martensite during SLM of 17-4 PH SS powders. It was shown that depending upon powder composition, SLM conditions and heat treatment, microstructure and phase compositions of the metal alloy parts produced by SLM could be very different than those produced using conventional methods. Gu et al. (2013) studied the influence of energy density on microstructure and porosity of 17-4 PH SS parts made by SLM. By estimating the porosity and investigating the microstructure using optical microscopy (OM) and scanning
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Schematic of the SLM process electron microscopy (SEM) images, they analyzed porosity formation and characterized the part microstructure. The authors concluded that energy density may only be a weak indicator of porosity level within SLM parts; coupons fabricated using the same optimal energy density level showed significantly different levels of porosity from each other. Rafi et al. (2014) described how mechanical properties and phase content of SLM parts were influenced by powder chemistry, processing environment and grain size. They showed that heat treatment is necessary to obtain the desired tensile properties. Also, they noticed that parts built under nitrogen contain more retained austenite compared to parts built under argon. Variability and anisotropy of the mechanical properties of 17-4 PH SS were studied by Luecke and Slotwinski (2014) , where they found that the tensile mechanical properties of as-deposited and heat-treated 17-4 PH SS samples were very different from those of wrought, heat-treated material. However, like wrought materials, the mechanical properties were found to depend on the building orientation during manufacture. For instance, elongation to failure was found to be significantly lower when rolling bars/plates in transverse directions as compared to longitudinal directions.
In this article, mechanical properties (e.g. tensile, compression and microhardness) and microstructural features of SLM 17-4 PH SS are investigated. Different sets of samples were manufactured and tested to understand the effect of:
• part building orientation during manufacture;
• heat treatment (solution annealing and aging);
• thermal history; and
The effect of thermal history is also accounted for in this study by varying the inter-layer time intervals. More specifically, samples were built in two different ways: one sample on one substrate versus ten samples on one substrate. The results help to better understand the behavior of 17-4 PH SS when processed by SLM so that influential factors can be exploited to achieve desirable properties with higher reproducibility.
Experimental procedure
Commercial gas-atomized 17-4 PH SS powder (3D Systems) was used throughout the experiments with D80 Յ 22 m, where D80 denotes the size of 80 per cent of the particles in a powder batch. Table I provides the chemical composition of the 17-4 PH SS powder, and Figure 2 shows the typical morphology of the powder obtained by SEM (FEG SEM Zeiss SUPRA™ 40) showing predominantly spherical particles. Fabrication was carried out on a ProX 100 ™ SLM system (3D Systems) equipped with a fiber laser with a Gaussian profile delivering a maximum power of 50 W at a wavelength of ϭ 1,070 nm. The test samples were built on a 430F steel substrate under inert argon atmosphere.
To investigate the effect of build orientation, both vertical and horizontal samples were built as shown in Figure 3 . In terms of the SLM build plane (i.e. deposit area), the vertical and horizontal samples were fabricated with build planes either perpendicular or collinear with the part's longitudinal axis, respectively. Samples were subsequently cut off the build substrate via electrical discharge machining and then machined to final dimensions for tensile and compression tests. Tensile test samples were machined and prepared in accordance with ASTM E-8 standard (Standard) . Final dimensions of the tensile samples are shown in Figure 4 . Compression test samples were sectioned off at different locations along the longitudinal axis of the cylinders according to ASTM E-9 (Standard) . Figure 5 provides photographs of both horizontal and vertical samples before and after machining. Tensile and compression tests were performed using an Instron 5882 servo-hydraulic testing machine with a Ϯ100 kN maximum loading capacity. Tensile tests were conducted using three samples from each set at room temperature at a 0.001 1/s nominal strain rate.
To investigate the effect of heat treatment on mechanical properties of SLM 17-4 PH SS, half of the samples (both vertically and horizontally built) were heat-treated. The samples were solution-annealed at 1,038°C for 30 min and then air-cooled to room temperature (known as Condition A). Next, PH was achieved by maintaining the annealed parts at 482°C for 1 h followed by air cooling (known as Condition H900).
In total, 20 samples, including both vertical and horizontal samples, were manufactured using the manufacturerrecommended process parameters by 3D Systems, referred to as "default parameters" shown in Table II . To investigate the effect of porosity on mechanical properties, another set of vertical samples (10 samples) was built using a different set of parameters referred to as "optimized parameters" shown in Table I . These parameters were determined in a separate study (Aboutaleb et al., 2016) by the authors who focused on determining parameter settings that minimize the porosity in SLM 17-4 PH SS. Half of these vertical samples built using optimized parameters were also heat-treated in accordance with the same procedure described above.
Finally, to investigate the effect of thermal history on the microstructure and mechanical properties, an additional set of 5 vertical samples was manufactured using default parameters, with each sample built on a separate substrate as opposed to multiple samples built simultaneously. This was done to minimize a time lapse between the melting of successive layers. For our case, the inter-layer time -which is the elapsed time between initiation of laser melting for two consecutive layers (Yadollahi et al., 2015b ) -was measured as 10 s for the single-built samples. For the multi-built samples for which ten samples were manufactured on one substrate, the inter-layer time was increased to 50 s. These two methods of fabrication allow for different heating/cooling cycles. To summarize, Table III provides the details of the seven different sets of samples (referred to as S1, S2 [. . .], S7) prepared for mechanical testing and microstructure characterization.
One sample from each set was mounted and polished to a mirror finish for microstructural characterization and microhardness testing. Two different etchants were used to prepare the samples. Electrolytic etching with 10 per cent oxalic acid as the electrolyte was used to reveal the austenitic grain boundaries. The electrolytic etching was carried out at 6 V DC for 15 s. A solution of 80 mL of ethanol, 10 mL of HCL and 10 mL of HNO 3 was used to reveal martensitic grain boundaries. X-ray diffraction (XRD) spectral analysis was performed on sections of each set of samples cut perpendicular to the build direction (transverse plane). An X-ray diffractometer (Bruker AXS-D8 Discover) was used for these analyses. The microstructural details were examined using OM (ZEISS Axiovert 200). Microhardness measurements were conducted via a Vickers microhardness tester (LECO, Hysteron Microindentor) on the polished surface of mounted samples under a 500-g force load for a dwell time of 10 s using a diamond indenter.
Experimental results

Tensile properties
Results of the tensile tests, including a 0.2 per cent yield strength, ultimate tensile strength and percentage of elongation to failure, for the seven sets of samples detailed in Table III along with tensile properties of heat-treated (H900 condition) wrought material (Handbook, 1991) , are presented in Figure 6 (a) and (b), with corresponding error bars showing the standard deviation for each group of data. Variation of tensile properties across the different sets confirms the influence of different SLM/post-SLM factors on the properties of the SLM-produced samples. For most of the sample sets, tensile properties of SLM 17-4 PH SS are significantly lower than those of wrought material. We also notice that except S3., the produced parts have very low percentage of elongation to failure as compared to the wrought material.
There is insignificant difference between the yield strength and elongation to failure of S1 and S5; however, the ultimate strength of S5 is higher than that of S1. This suggests that the decrease in the inter-layer time intervals (from 50 to 10 s) minimally affects the thermal profile and bulk temperature in each part. From Figure 6 (a), it is noticed that heat treatment increases the tensile yield strength and ultimate strength of the parts as the stress values for S2, S4 and S7 are higher than those for S1, S3 and S6, respectively. On the other hand, the SLM material becomes less ductile after heat treatment because elongation to failure is decreased remarkably, as seen in Figure 6 (b).
Compression
For every sample set, five identical cylindrical samples (diameter ϭ 7 mm and height ϭ 14 mm) were cut from the original 80-mm-long SLM-manufactured cylinders, and a series of compression tests was conducted using the Instron testing machine. The results of the 0.2 per cent compressive yield strengths with the tensile yield strengths are presented in Figure 7 . First, it may be observed that the compressive yield strength trends across the sample sets are very similar to those Notes: (a) Yield strength and ultimate strength; and (b) elongation to failure Source: Handbook (1991) of the tensile yield strength, validating previous tests and showing consistency. Moreover, for every sample set, the compressive yield strength was found to be approximately, and on average, 25 per cent higher than the tensile yield strength. This result is consistent with tests performed for traditionally manufactured wrought (cast) 17-4 PH SS samples reported elsewhere (Rack, 1981) .
Microhardness
Microhardness measurements were conducted using a Vickers microhardness tester machine along the build direction of 17-4 PH SS samples for all the sets listed in Table II . Because of different build orientations, the build heights are not the same for all samples, i.e. the build height was 80 mm for the vertical samples (sets S1, S2, S5, S6 and S7) and 8 mm for the horizontal samples (sets S3 and S4) as described in Figure 8 . Variation of Vickers hardness values versus distance from the substrate are plotted for the vertical samples in Figure 9 (a). Each point in the graph represents the Vickers pyramid number (HV) of an average value for at least three different measurements along the specimen length and at equidistant locations. The dashed blue line in Figure 9 (a) shows the highest Vickers hardness value for aged and solution-treated commercial 17-4 PH using Condition A (Hsiao et al., 2002) . No significant trend in microhardness along the build direction for our tested samples can be identified. Also, we notice that S7 samples have microhardness values comparable with commercial parts. The average values for all samples are given in the bar chart in Figure 8 (b) with corresponding error bars. Average microhardness values for heat-treated samples are significantly higher than those for as-built samples (S2 versus S1, S3 versus S4 and S6 versus S7), indicating that the samples showed temper hardening after solution annealing and aging typical of martensitic materials (Murr et al., 2012) . This can be explained by the fact that the investigated samples were fabricated under argon atmosphere; thus, the dominant iron phase is martensite (Murr et al., 2012; Rafi et al., 2014) . Figure 10 shows OM images for the 17-4 PH SS samples built vertically upward (sample set S1) using SLM with default parameters for two perpendicular planes: longitudinal and transverse to the build direction. In the longitudinal plane, Figure 10 (a), bowl-like cross sections of the melt pools are recognizable. The average melt pool depth is found to be approximately 40 m computed as the average of the vertical distances between boundaries of successive solidified tracks obtained using OM, which is more than the powder layer thickness of 30 m used for fabrication. This can be due to a high laser energy density that re-melts the top surface of previous layers and increases the thickness of the current layer.
Microstructure
As shown in Figure 10 (a), large pores and voids, with irregular morphologies, were found to accumulate at melt pool boundaries, most likely because of gas entrapment. Existence of pores/voids can be attributed, in part, to the utilization of default process parameters -which may lead to local process instabilities and inefficiencies. Grain boundaries in the vicinity of the melt pool show the presence of columnar grains oriented toward the top center of the melt pool. Figure 10 (b) presents the OM image of the transverse plane for the same sample. Footprints of laser track are visible as parallel lines. Furthermore, elliptic melt pool geometry with an approximate, larger diameter of 100 m can be found in this image. Two more OM images are presented in Figure 11 (a) and (b) corresponding to the transverse plane of samples from set S5 and S6, respectively. As shown in Figure 11 (a), coarser columnar grains are present within the single-built samples (sample set S5) compared to sample set S1 (i.e. multi-built) which is due to the difference in thermal history during fabrication. The S5 samples are built with shorter inter-layer time, resulting in elevated initial layer temperatures. Thus, the part retains a higher bulk temperature, experiences lower cooling rates and will have coarser grain sizes.
Phase analysis
One sample from every set listed in Table III was prepared for XRD and then a Rietveld analysis was done to obtain the phase composition for two perpendicular planes: longitudinal and transverse to the cylinder axis as shown in Figure 12 .
Results confirm the presence of both martensitic and austenitic phases in the SLM 17-4 PH SS samples. For illustration, XRD patterns for the transverse plane, corresponding to sample sets S1, S5, S6 and S7, are presented in Figure 13 (a)-(e). The intensity peaks correspond to specific phases of steel. Peaks marked with "M" correspond to the martensitic phase, whereas those marked with "A" correspond to the austenitic phase. The difference between patterns in the transverse and longitudinal planes -as can be seen by comparing Figure 13 (a) and (b)-indicates anisotropic texture (crystallographic orientation) because of the formation of columnar grains. This feature is associated with the directionality of the heat flux vector which contains a dominant, longitudinal component. This is because of the temperature gradient between the melt pool and previous layers being higher in magnitude than the temperature gradient in the transverse plane. A common feature among the XRD patterns of the seven sample sets is the higher intensity of martensitic phase peaks compared to austenitic peaks, proving that the built samples are mostly martensitic. However, the percentage of retained austenite varies among the samples. Figure 14 provides the percentage of austenite and martensite for the sample sets investigated. The variation of retained austenite among the sample sets is consistent with the microhardness results discussed in Section 3.3. Sample S7 has the least percentage of retained austenite, and thus, is the most martensitic part built. This explains the high microhardness observed in the measurements presented in Figure 9 (b). As seen in Figure 14 , heat-treated samples (sets S2, S4 and S7) contain relatively more martensite as compared to their corresponding as-built samples (sets S1, S3, and S6) which is also consistent with microhardness measurements. The high percentage of retained austenite for S5 again correlates well with the low microhardness associated with this set.
Fractography
Tensile fracture surface morphologies were investigated using SEM for the seven sample sets. Figure 15 presents the SEM image corresponding to a sample from set S1. The size, depth and quantity of the fracture dimples depend on the ductility of materials and the size, distribution and quantity of the second-phase particulate (Lin et al., 2012) . The rapid cooling (which acts like quenching) and tempering, that occurs repeatedly during SLM, causes more precipitation of second phase particulate. The quasi-cleavage and dimple fracture can also be seen on the tensile fracture surface. The fewer dimples with small size and flat appearance on the tensile fracture surfaces suggest that the sample failed in a brittle manner. In addition, voids and unmelted powder in Figure 15 (b) can be seen along the tensile fracture surface. These features can be attributed to the lack of melting (or lower laser penetration depth) during fabrication. Pores and unmelted powder can behave as nucleation sites for cracks under tensile loading. Moreover, de-bonding and cracking of particle-matrix interfaces (for both secondary phase and unmelted particles) can cause void nucleation during stressing. Figure 16 presents SEM images of the tensile fracture surfaces for samples taken randomly from sets S1, S3, S6 and S7. Although the fracture surface of the horizontally built sample (S3) shows more brittle failure relative to the vertically built one, unmelted regions were less prevalent on the tensile This might be a reason for lower elongation to failure observed for vertically built samples as compared to the horizontally built ones. These defects appear to have little effect on the tensile strength and yield strength, while they have a remarkable effect on the elongation to failure. Figure 16 (c) implies the sample set S6 has fewer microstructural defects compared to S1 because of the optimized set of SLM process parameters. Similar to the results in Yadollahi et al. (2015a) , secondary-phase particles are recognizable on this image, as S6 samples were as-built. In Figure 16 (d), a more uniform structure because of the applied heat treatment on the sample may be noticed.
Discussions
In this section, the microstructural observations and results obtained by mechanical tests described previously are reviewed and discussed to investigate the effect of building orientation, heat treatment, inter-layer time interval and SLM process parameters selected for fabrication.
General discussion
For all sets except S4 and S7 in Figure 6 , the tensile properties of SLM 17-4 PH SS are significantly lower than those of wrought material. This is because of the fact that SLM 17-4 PH SS parts are not necessarily martensitic and contain some retained austenite (Figure 13 ). The amount of retained austenite can be very high depending on various fabrication conditions such as powder properties and the shielding gas (Facchini et al., 2010) . High cooling and solidification rates during SLM may also prevent the formation of martensite phase which leads to metastable austenitic microstructure. This altered phase composition significantly affects mechanical properties of the material (Starr et al., 2012) . For example, in our study, sample S5 has a higher percentage of austenite compared to S1 (Figure 13 ) which explains its higher elongation to failure [see Figure 6 (b)]. Yield and ultimate strengths corresponding to samples S4 and S7 are comparable with wrought 17-4 PH SS. In S4, the horizontal build orientation and heat treatment have contributed to improved tensile properties, while in S7, optimized process parameters and heat treatment are identified as the key reasons for the improved tensile properties. The retained austenite can increase strain hardening and elongation to failure (Yadollahi et al., 2015a) ; however, very low percentage of elongation to failure is noticeable for both as-built and heat-treated samples as shown in Figure 6(b) . This lower ductility can be explained by the presence of a large number of pores and unmelted powder because of entrapped gas and lack of melting during fabrication (Yadollahi et al., 2015a) . These features especially exist when process parameters are not optimally set for a specific material powder, causing weak metallurgical bonding between layers. In summary, defects including voids and particles typically act as micro-void initiation sites during loading, resulting in the expansion of voids and, ultimately, their coalescence. Thus, elongation to failure is affected by microstructural defects and we expect samples with unadjusted process parameters to have poor ductility and low elongation to failure. However, yield and tensile strength values are not greatly affected by local microstructural phenomena such as unmelted regions and powder particles thus explaining the trend in Figure 6 (a).
Effect of build orientation
Effect of build orientation can be clearly observed in Figure 6 by comparing vertically built samples (S1 and S2) versus horizontally built samples (S3 and S4). Similar to other traditional metal fabrication processes such as rolling, SLM parts exhibit anisotropy and generally the mechanical properties in the build direction differ from those in the plane of build (Luecke and Slotwinski, 2014) . The tensile loading axis is parallel to the build direction for the vertically built samples, whereas it is perpendicular to the build direction for horizontally built ones. Thus, weak interfacial layers for vertically built samples are parallel to cracks, providing easier paths for shear band coalescence and void growth under tensile loading compared to horizontally built samples. As a result, vertically built samples exhibit lower strengths and elongation to failure than horizontally built ones, both for as-built and heat-treated conditions (Figure 6 ). Moreover, it has been reported in other studies that samples fabricated vertically typically contain more porosity compared to those built horizontally (Wang, 2012) .
Effect of build orientation is also evident in the results of compression tests. As indicated in Figure 7 , the difference between compressive and tensile yield strengths for vertical samples (S1 and S2) is significantly more than that for horizontal ones (S3 and S4). This is mainly due to the fact that monotonic tensile and compressive forces are perpendicular to the weak interfacial layer bonds for vertical samples, whereas for the horizontal samples, the direction of the force is parallel to the weak interfacial layers. Hence, the part strength in compression and tension is not notably different. We notice that the compressive yield strength of S3 is relatively lower than that of S1. This can be attributed to two reasons. First, the effect of defects and voids is less pronounced in compression, thus vertical samples can ideally be as resistant to the compressive force as the horizontal samples. Second, Figure 12 Schematic representation of transverse and longitudinal planes used for XRD compressive force tends to shear horizontal layers in S3 samples more easily than vertical layers in S1 samples. Consequently, the horizontally manufactured samples exhibit less compressive strength.
Effect of heat treatment
As reported elsewhere (Shellabear and Nyrhilä, 2004) , direct aging at 482°C for 17-4 PH SS does not lead to age hardening because of the dual-phase microstructure (both martensitic 
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Volume 23 · Number 2 · 2017 · 280 -294 and austenitic) present in the as-built SLM parts. Hence, in this study, solution annealing (Condition A) was conducted prior to aging (Condition H900). Improvement in yield and tensile strengths because of solution annealing and aging can be seen by comparing S1 versus S2, S3 versus S4 and S6 versus S7 in Figure 6 (a). The hardening mechanism in PH SSs is due to solid-state transformation occurring during heat treatment at 1,038°C, and to precipitation hardening occurring during aging at 482°C (Viswanathan et al., 1988) . Particularly, two positive effects, including build direction in addition to heat treatment for the sample set S4 and optimized process parameters in addition to heat treatment for sample set S7, appear to be contributing to enhanced tensile properties.
Because of precipitation of copper (Cu), the effect of heat treatment is also significant (Figure 7) , as it increases the compressive yield strength considerably in a similar fashion to the tensile yield strength. This can be seen by comparing the compressive yield strength values of sample set S1 versus S2, S3 versus S4 and S6 versus S7. In contrast, the heat treatment has a negative effect on elongation to failure, and this can be noticed by comparing the percentage of elongation to failure in Figure 6 (b) for sample set S1 versus S2, S3 versus S4 and S6 versus S7. Figure 17 shows the OM images for the heat-treated vertically built samples (set S2) with default parameters for two perpendicular planes: longitudinal and transverse to the build direction. Because of the homogenizing effect of the used heat treatment process, there is barely any noticeable pattern or laser scan footprint in the microstructure. The interface regions of deposited layers and melt pool boundaries fully vanish. By comparing the SEM images of the fracture surfaces of Figure 16 (d) with those of Figure 16 (a)-(c), we also notice this increased uniformity in microstructure. Looking at percentages in Figure 14 and comparing for example S7 versus S6 and S4 versus S3, we observe that heat treatment generally increases the martensitic phase ratio, leading to parts with more desirable mechanical properties.
Effect of thermal history
Insignificant differences in tensile and compressive properties between sample set S1 (single-built) and S5 (multi-built) are noticeable in Figures 6 and 7 . One explanation for this result is the presence of very high solidification and cooling rates during the SLM process that are insensitive to variations in inter-layer time interval. Another reason is the small melt pool size formed during SLM compared to other, DED AM technologies such as laser engineered net shaping (LENS), in which tensile properties such as yield strength and elongation to failure are far more dependent on time intervals between deposits (Yadollahi et al., 2015b) . As reported in Yadollahi et al. (2015b) , which focused on SS 316L, longer inter-layer time intervals increase cooling/solidification rates along each layer which eventually leads to finer microstructure and higher yield and tensile strengths, as well as lower elongation to failure. In the case of SLM however, these types of effects are less pronounced.
Results of the microhardness tests also indicate how the thermal history during manufacturing affects the final SLM part properties. When using default process parameters, the microhardness of single-built samples (S5) is notably lower than multi-built samples (S1) which is 286 HV versus 343 HV [Figure 9(a) ]. This can be attributed to the different thermal history experienced during fabrication which affects the amount of retained austenite in the microstructure, and thus, the resulting microhardness of the material. In general, parts additively manufactured (via laser) with shorter inter-layer time intervals should possess a coarser austenitic microstructure due to lower cooling rates caused by elevated bulk temperature in the part (Yadollahi et al., 2015b) . However, the degree of bulk temperature rise for parts Figure 14 Phase composition percentage in the transverse plane for 17-4 PH SS samples built using SLM fabricated via DED appears to be more substantial than that of parts fabricated via SLM, and this can be due to the thermal boundary conditions and manufacturing events being distinctively different. Eventually, the temperature-driven, higher percentage of austenite phase will result in lower microhardness as for the case of S1 (single-built) versus S5 (multi-built). Consequently, thermal history plays an important role in material microhardness, but it has less importance when it comes to yield and ultimate strengths. Moreover, very high microhardness values for sample set S7 indicates a highly martensitic microstructure -which is consistent with the Rietveld analysis performed using XRD (see Section 3.5).
In conclusion, thermal history ultimately affects the part properties in the sense that shorter inter-layer time intervals result in more austenitic steel and thus lower microhardness. On the other hand, the tensile properties such as elongation to failure and yield and tensile strength are not affected as significantly by the change in inter-layer time intervals which translates into the fact that yield and tensile stress are not strictly affected by the martensiteto-austenite ratio. This might be due to the transformation-induced plasticity, as during plastic transformation, the retained austenite phase is transformed to martensite, thus increasing the strength by the phenomenon known as "strain hardening". This transformation allows for enhanced strength and ductility which counter-balances the effect of lower martensiteto-austenite ratio.
Effect of process parameters
As with similar other metal-based AM technologies such as DED, mechanical properties of the fabricated part depend on using optimal process parameters (Selcuk, 2011) . This can be explained by the fact that any change in the process parameters affects the thermal histories during fabrication, and consequently, microstructure and phase composition (Shamsaei et al., 2015) . These parameters can affect the shape and size of the melt pool, energy density and eventually cooling rates and local thermal gradients. For instance, higher laser powers or lower scan speeds result in higher energy densities, and thus lower, cooling rates. Conversely, higher cooling rates can be achieved by increasing the scan speed or reducing the laser power. Hence, it is likely that microstructural features and mechanical properties of the part change by changing the default process parameters to the optimized parameters, listed in Table II. Note that both energy density and inter-layer time intervals are influential factors in the SLM process and each can affect the thermal history and thus final properties of the parts. By changing the process parameters from "default" to "optimized", we change the energy density from 93.3 to 106.7 J/mm 3 , keeping the inter-layer time intervals almost unchanged. In the current study, by comparing the values of S1 (i.e. default set) versus S6 (i.e. optimized set), an increase in ultimate tensile strength and elongation to failure can be noticed. On the other hand, the difference between yield strengths is not statistically significant since p-value for a two-sample t-tests is 0.22 which cannot reject the null hypothesis that the mean value for both sample sets is the same. Thus, the difference between yield Figure 15 SEM images of (a) tensile fracture surface for vertical samples with default process parameters (sample set S1) and higher magnification of (b) unmelted powder particles; and (c) secondary-phase particles found on the fracture surface strengths is only because of pure random errors present in experimentation. This indicates that accumulated defects due to unadjusted process parameters do not have a significant effect on yield strength, but largely affect the tensile strength and elongation to failure.
In addition, optimized parameters used for sample set S6 have resulted in smaller and sparser porosity areas, as discerned in Figure 11 (b) . This is also consistent with the tensile test measurements presented in Section 3.1 where an improved elongation to failure for sample set S6 compared to S1 was observed, most likely due to the higher density achieved by optimizing the SLM process parameters. Phase fractions for different sample sets presented in Figure 14 indicate that process parameters also affect the phase composition of the final part. For example, sample S7 (optimized parameters) is significantly more martensitic compared to S2 (default parameters) which shows more desirable mechanical properties.
Conclusions
Mechanical properties and microstructural features of SLM 17-4 PH SS were investigated. Seven sets of samples, each with unique fabrication conditions, were manufactured and tested/inspected to understand the effects of: building orientation, heat treatment (solution annealing and aging), thermal history and SLM process parameters. The following conclusions can be made based on the experimental results presented in this study:
• A part's building orientation during SLM directly affects its resultant mechanical properties and microstructure. Using a fixed set of process parameters, vertically built samples exhibit relatively lower strengths and elongation to failure than horizontally built parts -when mechanically loaded coaxially with sample longitudinal center axes. This is explained by the fact that weak interfacial layers for vertically built samples are parallel to cracks, providing easier paths for shear band coalescence and void growth under tension loading compared to horizontally built samples.
• Precipitation hardening and homogenizing effects of heat treatment on microstructure (morphology and crystallographic orientation) impacted mechanical properties of the SLM 17-4 PH SS. Heat treatment increased yield and ultimate tensile strengths, compressive strength and microhardness. The heat-treated samples were shown to be less ductile as compared to as-built samples.
• Inter-layer time intervals affect the thermal history of the part during fabrication which eventually affects final part properties. Results show that shorter time intervals between deposits allow for higher austenite content in the steel due in part to lower cooling rates experienced, which changes the mechanical properties. Microhardness of the material decreases with more retained austenite. On the other hand, the tensile properties such as elongation to failure and yield and tensile strength were not significantly affected by the change in inter-layer time intervals.
• Adjustment of SLM process parameters is a significant factor in achieving desirable part properties. Our study showed that without careful setting of process parameters parts with major structural defects (porosity and unmelted powder particles) might be produced. On the other hand, optimizing parameters for the specific material can considerably help improving the final properties of the part.
Future research directions for our study include but are not limited to considering other factors such as scanning pattern, and build chamber temperature that affect SLM process during fabrication. Coupling these findings with physics-based predictive models is another line of study to achieve process optimization for manufacturing of final products with desirable properties.
